We have studied the hydration and dynamics of RNA C2
We have studied the hydration and dynamics of RNA C2
H -OH in a DNA ÁRNA hybrid chimeric duplex [d(CGC)r(aaa)d(TTTGCG)] 2 . Longlived water molecules with correlation time t c larger than 0.3 ns were found close to the RNA adenine H2 and H1
H protons in the hybrid segment. A possible long-lived water molecule was also detected close to the methyl group of 7T in the RNA-DNA junction but not to the other two thymine bases (8T and 9T). This result correlates with the structural studies that only DNA residue 7T in the RNA-DNA junction adopts an O4
H -endo sugar conformation (intermediate between B-form and A-form), while the other DNA residues including 3C in the DNA-RNA junction, adopt C1 H -exo or C2 H -endo conformations (in the B-form domain). Based on the NOE cross-peak patterns, we have found that RNA C2
H -OH tends to orient toward the O3 H direction, forming a possible hydrogen bond with the 3 H -phosphate group. The exchange rates for RNA C2 H -OH were found to be around 5-20 s À1 , compared to 26.7(AE13.8) s À1 reported previously for the other DNA ÁRNA hybrid duplex. This slow exchange rate may be due to the narrow minor groove width of [d(CGC)r(aaa)d(TTTGCG)] 2 , which may trap the water molecules and restrict the dynamic motion of hydroxyl protons. The distinct hydration patterns of the RNA adenine H2 and H1
H protons and the DNA 7T methyl group in the hybrid segment, as well as the orientation and dynamics of the RNA C2
H -OH protons, may provide a molecular basis for further understanding the structure and recognition of DNA ÁRNA hybrid and chimeric duplexes.
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The structure and recognition of DNA ÁRNA hybrid and chimeric duplexes have been the focus of numerous studies because of their crucial roles in transcription, reverse transcription, and replication (Arnott et al., 1986; Chou et al., 1989; Cross et al., 1997; Fedoroff et al., 1997; Gao & Jeffs, 1994; Gmeiner et al., 1990; Gonzalez et al., 1994 Gonzalez et al., , 1995 Gyi et al., 1966 Gyi et al., , 1998b Hashem et al., 1998; Katahira et al., 1990; Lane et al., 1993; Maltseva et al., 1994; Mujeeb et al., 1997; Salazar et al., 1993b; Steely et al., 1986) . The NMR structural studies of DNA ÁRNA hybrid duplexes have revealed that they adopt neither an A-form nor a B-form structure in solution, but an intermediate heteromerous duplex structure (Chou et al., 1991; Salazar et al., 1993b) . The sugars of the RNA strand have the normal N-type C3
H -endo conformation, but those of the DNA strand have an intermediate O4 H -endo conformation or have multiple conformers in dynamic exchange (Chou et al., 1991; Gonzalez et al., 1994 Gonzalez et al., , 1995 Gyi et al., 1998b) . The minor groove width of DNA ÁRNA hybrid duplexes was found to be between that of the Aand B-form duplex values (Fedoroff et al., 1993) . These structural features were used to explain the mechanism whereby RNase H discriminates between DNA ÁRNA hybrid duplexes and pure RNA or DNA duplexes (Fedoroff et al., 1993) .
The X-ray crystallographic studies have found that even the introduction of one ribonucleotide into the DNA strand transforms the whole duplex to the A-form geometry with all the sugars in the C3 H -endo conformation (Ban et al., 1994a,b; Egli et al., 1993) . Similar results have been reported for the structures of several Okazaki fragments determined by X-ray crystallography (Egli et al., 1993; Wang et al., 1982) . On the other hand, NMR studies have revealed that for Okazaki fragments, the DNA Á RNA hybrid section assumes a conformation similar to that found for pure hybrid duplexes, while the DNA section assumes a conformation closer to B-form DNA Nishizaki et al., 1996; Salazar et al., 1993a Salazar et al., , 1994 Salazar et al., , 1996 . When one ribonucleotide was inserted into the DNA strand, the overall conformation of this chimeric duplex was found to remain as B-form DNA, except that the sugar pucker of the RNA was switched to the C3 H -endo conformation (Jaishree et al., 1993) . When a DNA duplex is anked by DNA ÁRNA hybrids, the central DNA fragment was again found to adopt a B-form conformation and the transition from A-form RNA to B-form DNA involves only one nucleotide step (Zhu et al., 1995) .
The differences between X-ray crystallographic and NMR studies regarding the conformations of DNA Á RNA hybrid and chimeric duplexes may arise from the presence of water molecules. Water has been found to play an important role in nucleic acid structure and recognition, as dehydration of DNA causes its conformation to change from B-form into the A-form (Saenger, 1984) . In contrast, RNA is found locked in the A-form conformation in both the crystal and solution states (Saenger, 1984) . Water is also reported to be involved in both the speci®city and af®nity of protein-DNA interactions (Billeter et al., 1996; Morton & Ladbury, 1996; Schwabe, 1997) . Recently, it has been proposed that RT-associated RNaseH domain, which degrades the RNA template of DNA Á RNA hybrid chimeric duplexes, may distinguish double-stranded RNA, RNA ÁDNA junctions and hybrid duplexes according to their distinct hydration patterns (Szyperski et al., 1999) . Although several X-ray and NMR analyses of DNA (Berman, 1994; Denisov et al., 1997; Drew & Dickerson, 1981; Fawthrop et al., 1993; Guerri et al., 1998; Jacobson et al., 1996; Johannesson & Halle, 1998; Kubinec & Wemmer, 1992; Lane et al., 1997; Liepinsh et al., 1992 Liepinsh et al., , 1994 Phan et al., 1999; Prive et al., 1987; Quintana et al., 1992; Sunnerhagen et al., 1998; Zhou & Bryant, 1996) and RNA (Conte et al., 1996; Gyi et al., 1998a) hydration have appeared, little is known about the hydration of DNA ÁRNA hybrid and chimeric duplexes. The possible correlation between structure and function of DNA Á RNA hybrid and chimeric duplexes and their interactions with important enzymes, such as HIV reverse transcriptase and RNase H, prompted us o study the hydration of a chimeric duplex [d(CGC)r(aaa)d(TTTGCG)] 2 , in which the hybrid junctions are¯anked by DNA duplexes at both ends.
Hydration of [d(CGC)r(aaa)d(TTTGCG)] 2
The d(CGC)r(aaa)d(TTTGCG) dodecamer was synthesized on a DNA synthesizer (Applied Biosystems 380B) using solid-phase phosphoramidite chemistry, as described (Chou et al., 1989 (Chou et al., , 1991 . The sample was then puri®ed by C-18 reversedphase HPLC followed by DEAE ion-exchange column chromatography and desalted on a Sephadex G-10 column. The puri®ed sample (15 mg) was freeze-dried and was dissolved in 0.3 ml of 90% H 2 O, 10 % 2 H 2 O containing 20 mM sodium phosphate, 200 mM sodium chloride and 0.05 mM EDTA, pH 7.0.
All spectra were carried out at 14.1 T on a Bruker AVANCE 600 MHz spectrometer. Phase sensitive NOESY and ROESY spectra were recorded at 273, 278, 283 and 300 K under identical conditions, except for their different mixing time of 100 and 50 ms, respectively. The intense bulky water signal was suppressed using the Watergate method (Piotto et al., 1992) with a short delay t of 139 ms, resulting in the optimum excitation near 1.7, 7.7, and 13.7 ppm. These spectra were collected into 2048 complex points in the t 2 dimension and 800 complex points in the t 1 dimension with a relaxation delay of 1.4 seconds between each scan. The data were further apodized with a sine-square window function and zero-®lled to 4096 complex points in the t 2 dimension and 1024 complex points in the t 1 dimension. After Fourier transformation, the data were phased by the TPPI method and treated with base-line correction along both dimensions to yield pure absorptive spectra.
The qualitative and quantitative water hydration residence time was determined by the cross-relaxation rate constants of the laboratory frame NOE and the rotating frame ROE. The cross-relaxation rate constants of NOE and ROE are given by (Otting et al., 1991) :
where a is a constant, and J(o) is the spectral density function. When the local motion is neglected and the relaxation is dominated mainly by rotation, the spectral density function is simpli®ed to a function of both Larmor frequency o and correlation t c :
Equation (1) shows that, s ROE is always positive, while s NOE changes its sign when ot c 1.12 (i.e. t c 0.3 ns under 14.1 T). Hence, by de®ning the ratio R s NOE /s ROE , we can determine the water residence time. When the water residence time is long (ot c > 0.3 ns), we should be able to observe cross-peaks with opposite signs in the NOESY (positive) and ROESY (negative) spectra.
Experimentally, we can determine the ratio R by integrating the cross-peak volumes in NOESY (I NOESY ) and ROESY (I ROESY ) spectra:
Using the cytosine H5/H6 cross-peak as an internal standard, we can eliminate the effect of Watergate terms between NOESY and ROESY spectra, which gives a simple equation (Lane et al., 1997) : (Hare et al., 1983; Wuthrich, 1986) . The H2 H protons of the three RNA adenine bases were assigned using the H2 H -H3
H cross-peaks of the TOCSY spectrum. All three RNA adenine H2 protons showed both interresidue and intraresidue cross-peaks, particularly in the H6/H8-H1 H region (Figure 1) . The cross-peaks between RNA adenine H2 protons and water along the F2 dimension were clearly identi®ed, except for the overlapped cross-peak of 4a H2, which was buried in the intense cross-peaks of hydroxyl protons. H region, the intraresidue H6/H8-H1
H cross-peaks are labeled with their residue numbers. Two broken-line circles show the hydration cross-peaks of H2 protons of 5a and 6a, while 4a H2 is buried under the C2 H -OH cross-peaks. Three C2
H -hydroxyl protons are labeled according to their chemical shifts.
The exchangeable imino and amino protons were assigned explicitly by the well-established procedure except for the amino protons of guanosines (Figure 1) . The amino protons of guanosines could hardly be observed in normal Watson-Crick base-pairing due to the extreme broadening (>100 Hz) caused by rotation of the amino group around the C-N bond (Mueller et al., 1995) . In addition, we have observed three sets of NOEs from the three labile protons resonate at 6.2 $ 6.6 ppm to the ribose protons. The distances between 2G, 10G, and 12G amino protons to 4a, 5a, and 6a ribose H2
H protons are too long to have NOEs. Since the amino and imino protons of the bases have been assigned, we are left with the only remaining possibility being that the three slowly exchanging labile protons at 6.2 $ 6.6 ppm (Figure 1) Figure 3 ). These labile protons do not give rise to any detectable NOEs to any imino protons, which is consistent with their assignments as ribose 2 H OH protons. Their chemical shifts (6.2 $ 6.6 ppm) are in agreement with previously published assignments of ribose hydroxyl protons (Fedoroff et al., 1997; Conte et al., 1996; Leroy et al., 1985) .
Comparison of the 1D cross-sections of NOESY and ROESY spectra at the water chemical shift along the F2 dimension provides evidence for hydration (Figure 2 H cross-peaks in RNA were observed previously (Conte et al., 1996) . In contrast, cross-peaks to the H1 H protons are usually not detected in DNA, except at the ends of the duplex or at much longer mixing times. These water-H1
H peaks could arise from several possible mechanisms. First, there could be long-lived water molecules around the H1 H proton close enough to cause positive NOE peaks. Second, there could be a rapid exchange between the RNA C2 H -OH and water molecules such that the magnetization was relayed to the H1 H proton. Cross-peaks between RNA adenine H1
H and hydroxyl groups observed in the NOESY spectrum (Figure 1 ) further con®rmed the spatial relation of H1
H and hydroxyl protons.
The methyl group of 7T exhibited a positive NOE to water at 278 K (Figure 2) , i.e. with a water correlation time longer than 0.3 ns, then changed its sign to a negative NOE when the temperature was raised to 300 K (data not shown). However, NOE peaks of the other two methyl groups (8T and 9T), more distant from the center of the duplex, were negative at all temperatures. Such a positive NOE peak to water from the 7T methyl group was not observed in pure DNA duplexes (Jacobson et al., 1996; Liepinsh et al., 1992 Liepinsh et al., , 1994 Sunnerhagen et al., 1998) . Different signs of the NOE cross-peaks to water of the three neighboring thymine bases may imply two structural features. First, the rapid rotation of the methyl groups was restricted due to a narrower groove width or a shallower groove depth in the central region (7T). Second, the extra hydroxyl group of the preceding 6a in the same strand contributed extra relayed magnetization by exchange with water through the hydroxyl proton, while the interstrand interactions with 8T and 9T were too weak to make a signi®-cant contribution. In both cases, water molecules were relatively more accessible to the methyl group of 7T rather than 8T or 9T. One thing that should be pointed out is, based on our unpublished structural studies, only DNA residue 7T in the RNA-DNA junction adopts an O4
H -endo sugar conformation (intermediate between B-form and A-form). The other DNA residues, including residue 3C in the DNA-RNA junction, adopt C1 H -exo or C2 H -endo conformations (B-form). We also measured the bound water correlation time quantitatively using the ratio of NOESY and ROESY cross-peak volumes (equations (3) and (4)) (Lane et al., 1997) . The bound water correlation time for 5a H2 was found to be 0.34-0.57 ns (R À 0.14(AE0.11)) and for 6a H2 was found to be 0.33-0.39 ns (R À 0.08(AE0.04)) at 283 K. These values are similar to those found in its DNA (Lane et al., 1997) and RNA (Conte et al., 1996) analogs. It is important to note that, because the correlation time curve for bound water can change sign when t c is near 0.3 ns, extra caution must be taken to prevent baseline distortion in processing NOESY and ROESY spectra.
Orientation and exchange rate of C2
H -hydroxyl protons Molecular modeling studies of the RNA duplexes and the DNA ÁRNA hybrids show that there are three stable rotamers for the RNA C2
H -OH hydroxyl groups (Auf®nger & Westhof, 1997) . In these rotamers, the C2 H -OH can hydrogen bond to O3
H of the 3 H -phosphate group (f 90 , when the C2 H -OH-H1 H distance is large, $3.5 A Ê , and 3 J H2 H -C2 H -OH < 4 Hz), to the O4 H of either the neighboring 3 H -ribose or in the same sugar (f 180 , when the C2 H -OH-H1 H distance is short, <2.5 A Ê , and 3 J H2
H -C2
H -OH 10-12 Hz), or toward the attached base (f 0 to À30 , when the C2 H -OH-H1 H distance < 2.5 A Ê , and J H2
H -OH 4-7 Hz) (Gyi et al., 1998a,b) . Among these orientations, the O3 H direction is the most favorable for the hydrogen bonding framework (Auf®nger & Westhof, 1997 On the other hand, many cross-peaks were detected along the C2
H -OH chemical shift in the NOESY spectrum recorded at 273 K (Figure 3 ). There were more and stronger cross-peaks along the chemical shift of 6a C2
H -OH than those of 5a and 4a, which in turn had few weak cross-peaks. Presumably, the hydration pattern and geometry of the grooves, especially the minor groove in the hybrid segment may be the cause of this trend. H -hydroxyl protons with solvent water was obtained from measurement of the linewidth of the hydroxyl proton cross-peaks in NOESY spectra along the water chemical shift in the F2 dimension. The linewidth is a sum of many factors (Gyi et al., 1998a) :
where L 0 is the intrinsic linewidth, L(ÁB) is the contribution of magnetic ®eld heterogeneity and instrument artifacts and AEJ is the contribution of unsolved scalar coupling. Subtraction of these factors gives an upper limit estimation of the exchange rate k. It is to be noted that this estimation neglects the fast intermediate rotating motion. As the C2 H -OH peaks were partially overlapped, we ®rst did decomposition for overlapping to obtain individual line-widths by assuming that all peaks had Lorentzian line-shapes ( Figure S1 in Supplementary Materials). In some conditions, small peaks were not well separable and we neglected them as representing only a small contribution to the whole line-shape. However, due to overlapping and other unsolved scalar coupling, the decomposed line-widths gave us only an estimate of the upper limit of the exchange rate. By performing analysis at several temperatures ranging from 273 to 288 K, we obtained the C2 H -OH exchange rate with an overall range of $5-20/ seconds. This exchange rate was lower than that for other DNA ÁRNA hybrid duplexes studied previously (k 26.7(AE13.8) s À1 , which had an r(gaga) sequence in the central region (Gyi et al., 1998a) . Based on our unpublished structural studies using NOE and dihedral angle constraints ( Figure S2 of hydroxyl protons, thus lowering their exchange rate with water molecules.
In conclusion, we have studied the hydration of a DNA ÁRNA chimeric duplex [d(CGC)r(aaa)-d(TTTGCG)] 2 , in which the hybrid junctions arē anked by DNA duplexes at both ends. The distinct hydration patterns of the RNA adenine H2 and H1
H -OH protons, may provide a molecular basis to further understand the structure and recognition of DNA ÁRNA hybrid and chimeric duplexes.
